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Report No. 8926=101

Material - Ceramics = Ceramic Fiber - Céramie

Matrix Systems

Abstract

Fecent tréﬁds in f‘iber deveiopment, reséafch topics initiated, f'aéiiities
r:lng Specimen preparation are discussed.

Reference: Shoffmer, J. E., Keller, E. E., Suthefland,— W. M.,

S "Ceramic Fiber = Ceramic Matrix Systems’ ;' General

ynamics/Convair Report MP 59-086; San Diego,
Califomia, 27 October 1959. (Beference attached).
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RECOMMENDATION:

ceramic-ﬁber- s cerémic-matrix systems 'I'he pro.ject should however, bé

divided into (a) fundamental fiber studies, and (b) composite studies using

existing material combinations. For the studies to be fruitful, long term
ing and additional equipment is required.

INTRODUCTION AND RECENT TRENDS:

Report No. MP=58=1u48.2 (31) presented the desirable features of fiber composite
gystems. The need was stressed for more detailed technical information on the
refractory fibers which have been reported, and the requirements of mare re-
fractcry fibers than typical "E" glesss

This ¥eport covers the recent trends in fiber development, research topics
initiated by this investigation,; the establishment of facilities for fiber
production, fiber testing techniques, and initial composite ¥ing specimen

preparation.

Horizons (17) has now released informetion on "non=glassy ceramic materials."”
Emphasis has beeh placed on alumiba and zirconia fibem but a variety of oxides
and oxide compounds are anticipated. The fibers are relatively short, fyom a
fraction of an inch to about thiee inches. The zirconia fibers vary rrem 3t
30 microns in diameter and the alumina fibers are approximately one micron in
diameter:. The strength of the fibers is reported to be comparable to soft glass
but this,the author believes,is doubtful. The process for making these fibers
was not d.isclosed. On a trip to Boeing Aircraft Company it was disclosed that
the fibers are grown froin a solution and then sintered.

Bjorksten (1) Laboratories are working with refractory inclusions in fibers.
Although the idea appears promising, the results indicate that more extensive
vork is required.

The two methods normally

used in meking contimuous fibers are described below.

a) Bod Method
The rod of fused or sintered material is heated on the end until the tip
melts and falls by its own weight. The feed of the rod is started at
this time. The advantage of this method is the elimination of a container
for the melt. The disadvantages are as follow:
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GENERAL EQUIPMENT REQUIREMENTS FOR FIEER PRODUCTION: (Cobtimed)

Rod Method (Continued)

1) Requires coutrolled rod feed.
2; Requires ¢losely controlled draw rate.
3) The production of rods adds an extra step in the process.

k) The method 1s not as adaptable to production - - miltifilament
draving technigues

A platinum, crucible (called a bushing) with one or more orifices in the
bottom is heated until the fiber forming material melts. DBeads of the
melt at the orifice are ceught and pulled into fibers.

The principal disadventage, f£or the more yefractory melts, is the require-
ment 6f wushing material to withstand oxidation and the attack of batch
materials. Tantalum, molybdenvm, and tungsten (11) have been investigated
as crucihles, using controlled atmospheres, but with limited success.

Using either the rod or bushing method, the fibers are attached to & tes
volving variable speed take-up drum.

Table I lists the heat uvources considered versus the anticipated requirements

fiber production. The section on ladoratory investigation covers in detail
tests performed and equipment evaluated: Induction heating was selected
major emphasis for the following reasons:

1) Unit was available.
2) Most flexible in equipment design and operation.
3) Unit vas easily adapted for controlled atmospheres.
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The materials selected for study were aluming, high aluminum silicates, zircom,
and zirconia. No known evidence exists of thé pure oxides being presemt in the
non=crystalline or amorphous state. Calcium aluminate glasses have been made,
but many other oxides were present. The materials studied are refractory,
available in rod form, and have a& range of physical, electrical, and thermal
properties of interest for the composite systems.

Tvo approaches for forming amorphous alumina containing materials were suggested
as follow:

1) Gradually decrease the silica content in alumina-silica systems to the point
at which glasses could not be formed.

2) A unique system by which the molten alumine (low viscosity) could be quenched |
at a rapid enough rate to form the non-crystalline state. |

The first epproach can be handled using the rod method of producing fibers or
the crucible method, providing comtainer materials are available.

Flash heating is suggested as a unique means of investigating which amorphous
compositions can be made. Using crystalline fibers of alumina or zirconia and
the 1ight source developed by Bell Laboratories, (27) filaments are suspended |
in a transparent medium and exposedto & high intensity, high speed flash heating.
The time elapsé between heating and quenching is in the order of & few milli-
seconds,

The equipment described uses capacitanees as high as 1296 microfarads charged to
4KV. The maximun temperature is reached in the 1 t0 100 micron wave length and |

in & vacuun. The temperature is limited by black body re-radiation - epproxi-
mately 5000°C. Tungsten wire has been vaporized apd glass fibers heated using
this technique.

Meteriels Used

The rods used in the experiments performed were alumipa, zircon, and zirconia
produced by Norton Co. for flame spray application. The production of rods
nf varying compositions 1s a project in itself. Figure 1, on the next page,
illustrates an extrusion die design for producing rods. The density, toler-
ances (variations of diameter apd straighrtness) and other physical proper-
ties of the rods are very important in the close comtrols necessary to pro-

duce fibers. o
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[RE_OF VISCOBITY OF GLASS:

In processing glass, from the melt through the straih point, viscosity 18 of 1
prime importance. Before discussing the theory of viseosity; a brief review I
of the practical terminology is in order. Figure 2 shows the viscosity teiperes |
ture curves of several glass compositions. In the molten state the log

viscosity ( poises ) is approximately 2. On cooling, the vorldng range is
defined as the temperature rapngeé at which the log viscosity is L. At the
aoﬁ:ening point, the tei@eutun at which a piece will deform under its owm I

On cooling further the annealing point, the temperature at which internal
strains are rapidly removed, is reached at a log viscosity of 13.4: And fina
the strain point, the tempemture vwhere no permanent internal strains can be

induced by thermal gradient, is reached at a log viscosity of 1k.6.

Eyring (16) regards a liquid as holes moving in mattér - = glasses have
been defined as supercooled liquids. The energy required to make & hole
olecular size in a liquid is thus equal to the energy of vaporiution
per molecule of the latter. The activation energy for viscous flov may
be regarded as consisting of two parts, the energy to forii & hole and
the energy required for the molecules to move into the hole.

For Newtonian flov, no change in viscosity with rate of shear, Ryring's
formla glven belovw can predict viscosity (R) within less than 30 percent.

hN QEws[246RT

h = -—--';';;’3‘2' >

h = Planck's Constant R = Gas Constant
N s Avogadro's Number T = Temperature (°K)
V = Molar Volume E = Energy of Vaporization

This formula spplies for lov shear values, (less than 108 or 109 dyne/.n2 ).

For non-Newtonian flow, the following formula has been proposed:
ns= Afe (erﬁ)/f

The shear values { above 109 clynes/c:m2

A, a8, &b, = constants
f = shear force dynes/cm~

Eyring stated that glasses obey non-Newtonian flow. B)ckris )houever,
stated thateeveral ayatems investigated obeyed Newtonian n.w

L
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NATURE OF VISCOSITY OF GLASS (Continued)

Good (15) caleulated the viscosity shearing force curves (Figure 3) using

data of Boeckris. The graph shows that the visecosity decreases rapidly

above a eritical value. For a change of a factor of 4 in the shear force,

the viscosity decreases by a factor of 100. If a high shear force is applied

the tempsrature for a given viscosity decreases. At a shear force of 1lu x 109
the viscosity at 1345° F. is equal to the viscosity at 2256° F,

Good concludes that the theory requires more extensive verification in the glass
field, and that the force is dependent on the molecular unit of flow vhich has
not been adequately defined.

913096‘ rings, Sluoloh tetrahedral units, and a combination of theése have been
proposed as the molecular unité. Mackeniie (22) proposes the pla.ua.ri‘_"ings as
the discrete units, as shown in Table II. Bockris (6) prog oses units for

ortho-silicate compositions; rings or infinite chains Si, 0 T he silica

content increases, extension of two dimensional sheets o 1 at _33‘3«99-19
percent metal oxide (mo), and increasing three dimensional bonding as the S105

content is further increased.

The more refractory compositions under consideration have not been investigated.

The understanding of the viscosity shear relationship is a fundamental require-

ment for further fiber etudies.

AL L LY
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RATURE OF FIHERS:

Additional emphasis is again placed on the difference between fibers (hons

crystalline, 5.8 = 19.1 micron diameter) and bulk glass. The extremely rapid
chilling rate of 10,000°F/sec. lovers the density; modulus of elasticity and
index of refraction of the fibers as compared to bulk glass. The fibers are
further from equilibrium condition, or represent more of the high temperature

change to values representative of the massive form. The increase 1n deneity,
called thermal compaction by Otto(28), could be interpre 1lapse o
the holes put in to produce the viscosity of the molten glua. 'Bhe heles or
random stiructure is f¥ozen when the glass is quencheds

Crystalline solids have a melting point while glasses have a transition range
vhich normally falls between 40O to 600°C. To describe the themsal history of
glass in this range, the term, "fictive temperature”, was developed which is
defined as followa:

For temperatures T, below transformation range, the material is
said to have a fictive ¥ (Tau) if it is in the state produced
by rapid quenching from complete equilibrium at temperature T =77,
The state is usually characterized by a measurable physical
property. The transformation rande is established because an
upper 1imit i8 set - = quenching occurs at a finite rate; and,
the lover limit is set because as the temperature is lovered,

a longer time 18 required for equilibrium. Figure 4 1llustrates
the differences in thermal expansion of annealed bulk glass,
chilled bulk glass and fibers.

e fm ot l*.

structural configuration. When a fiber is reheated after forming, the properties
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In testing fibers, the differences in Lulk glass and Tivers must be considered
as the results vary widely with test conditions. Otto's (28) excellent work

emphasizes this point. Figure 5 illustrates the effect of heat treatment on
the modulus of elasticity of fibers.

On a recent field trip to Owens Corning Fiberglas Research Center; Otto demon=
strated equipment which appears to be the ultimate in simplicity in testing
techniques. The majority of investigators use commercial testing units which
limit the ninbey 6f specimens tested or increase the cost: Otto's unlt vas
designed to test 8 fibers simultaneou 1y. The loading jaw 18 driven by a
constant speed motor through a gear reducer to provide a rate of strain of
0.063 in/in/min. for & gage length of 2.5 inches. The load cells are the

simple cahtilever beain type employing linear variable differential transformers
(LVDT) as the sensing elements. The transformers are powered at 8,000 cycles/sec
and the output fed to an 8=channel recording oscillograph (Minneapolis-}bﬁéy‘\ién
Visicorder). For static fatigue ; the fibers are secured on fixed javs and on
pivoted jaws at which point the fiber 1s lcaded (lead veights) with mercury
switches to a timer. Split furnaces are used With the above unite for elevated
teiperature testing. The above equipment approach is recommended for required
testing.
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EFFECT OF PARTICLE SIZE ON MELTING:

Horizon (31) used colloidal silica &s their matrix material. The size of
Ludor ¢olloidal silica was reported as 10-30 millimicrons. Galli (13)

stated that amall particles melt at lower temperatures than bulk materials
and developed formulas for calculating the lovering of melting point.
Blckerman (5) states that,"At the melting point; the vapor pressure of the
solid is equal to that of the liquid. If the vapor pressure of small crystals
is greater than that of large cmtala, it 18 equal to that of the liquid at
a lover temperaturfe than thée melting tedperature of the bulk #6lid; hence,
snall crystals should melt at & lower temperature than large ones.”

The use 6f colloidal size material to6 build up & shape provides & most inter-
esting approach and is believed to be influenced bty the above theories. Addi-
tional research vork is suggested to cover this area.

LABORATORY PROCEDURES:

'me following preliminary heat sourcé évaluation tests were performed in the
vacuulm coating unit at pressures less than 10°5 mn Hg.

Novov e
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nary Hest Source Bvaluation (Contimued)
beating (Cont'd)

Wply ves not sdequate, the alumina volatilised; »
mdthcmnnmmuducmiwly T™he tests veie ‘
therefore discontinued.
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A 2.5 KW vacuum tube inductiop heating unit was used. The
metal eusceptor vas not thervally insulated and the pover

supply vas inadequate: With an insulated system the unit

The use of & relatively large mmchnherwithexmdmmui indis
cated the usé of inert gas systems unless better vacuum facilities vere obtained.

| Hesting Facility

The Lepel, epu'k-mp, 15 KW output unit vas used in this inveotiption. Temper-
stures vere i red vith an optical pyrometer and ca \dth otcp pover
settings, tuning,and an offson foot switch. The fo].].mrins axperiments vere
performed to éevaluste susceptor design.

Using & grephite tube &s sketched below and alumina rods,

aluminus cardide vas formed which penetrated the extrusion |
planes of the alunina rod which prevenmted proper melting I
copditions.

1. Ah03 Roo

ZrOp INsuLATING GRAIN
GraprITE SuscesToR
ARlz0y CasTaoLe
INsviaTiIvG REFRACTORY
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b) Molybdenum Tube
Using & molybdemim tube susceptor with or without radiation
sh:leld.a, the tempeérature fluctuated excessively with the
off-on contivl.
Figure 6 illustrates the system vhich proved the most success-
ful. It vas adopted for further tests and is discussed in
detail in the next section.
Pigures 6, 7 and 8 shov the induction heating unit as dictated by previous
experiments. The following steps vere employed im its operation:
1) The proper pover setting ror a given suscepto¥ vas selected
that would, vith a minimm flov of argon and the foot switch
on contimounly yeach the désired tempersture. The unit was
turned off peak rrequency, if lover pover imput to the sus-
céptor was required.
2) The rod vas inserted 80 that the tip vas in the hot zone and
an excess of argon vas flushed through the chamber.
3) After the temperature became constant, the flow of argon was
slovly reduced and the tesperature brought to the dnind
value. Using alumina rods and temperstures of 2200°C, a
uldb vas formed vhich had a necked cross section above the
‘uulb. (sutch "A" below) The next, most critical, step
. adual ].mnm the bulb further into the hot zome
(8
e e - -
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Fiber Unit Operation (Continued)

The asswmption is made that if the temperature control and distribution were
adequate, mechanical feed equipment would permit fibers to be drawn.

The tubing init.ally used was molybdenwn &nd the life was limited: Tantalum
tubing, used as part of the susceptor, has proven very satisfactory.

Induction Concentrator
A field trip was made to the University of California at Berkeley to investigate

the construction of an electron gun as a heat source:s The use of an electron
gun vas discouraged in favor of induetion heating with the use of a concentrator.

A diagram of the induction concentrator unit is shown in Figure 9. The sides
are vater cooled with emphasis on cooling in the center. The unit operated
satisfactorily, heating only the narrow, center zone. This susceptor vill be
investigated further for voth fiber work and other high temperature applica=

A laboratory setup for winding fiber-ceramic matrix test rings was fabricated
as shown in Figure 10. The 'E" glass roving was fed through an electric
furnace at 800°F to remove sizing, passed through a colloidal silica suss
pension, and wound on & glass cylinder. The wrapping consisted of 16 threads
per inch for two layers and then a longitudinal layer of 8 threads per inch.
The wrapping was repeated to produce 1/8" thick rings of 3 inch diameter.

The rings were dried for one hour at 212°F, removed from the cylinder, and

fired for 10 minutes st 1200°F. The fired rings werc dipped in the colloidal

silica suspension and thé drying end firing process repeated until a solid
specimen was produced.

The test rings exhibited a degree of flexibility and "life’ was left in the
fibers. Additional perfection of techniques is required before any quantite~-

tive tests are believed to be in order.

(LB I g}
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